A new method was used to prepare nanocomposites (copper oxide, copper iron oxide). The copper oxide and copper iron oxide were characterized by powder X-ray diffraction, transmission electron microscope, and X-ray photoelectron spectra. Copper oxide/graphene oxide nanocatalyst was prepared during which copper oxide nanoparticle was simultaneously anchored on graphene oxide sheets. Copper iron oxide/graphene oxide was also prepared. In this work, the catalytic performance of the synthesized materials on the thermal decomposition of ammonium nitrate was investigated by thermogravimetric differential scanning calorimetry and thermogravimetric mass spectrometry. The results of thermogravimetric differential scanning calorimetry experiments indicated that nanocomposites catalyzed thermal decomposition of ammonium nitrate significantly, especially copper oxide/graphene oxide. The synergistic effect of copper iron oxide was not found. The activation energy of ammonium nitrate mixture was calculated respectively by Kissinger method. The initial temperature, peak temperature, and activation energy were significantly decreased. A new phenomenon, nitrous oxide formed at a very low temperature, was observed by mass spectra. Two stages of thermal decomposition phenomenon of ammonium nitrate catalyzed by copper oxide/graphene oxide were first observed according to thermogravimetric mass spectrometry results. The thermal decomposition mechanism of ammonium nitrate with copper oxide/graphene oxide was proposed according to thermogravimetric differential scanning calorimetry and thermogravimetric mass spectrometry results.
Introduction
Ammonium perchlorate (AP) as the main oxidizer is using in most of the solid rocket propellants currently, but its products of combustion are toxic and not environmentally friendly. To overcome these environmental problems, it's necessary to investigate the use of the so-called clean burning propellants. Thus, many researchers are going to develop environmentally friendly oxidizers. Ammonium nitrate (AN) has attracted attention many years ago as a potential propellant oxidizer for no HCl presented in production of AN decomposition. However, poor ignitability, hygroscopicity, low energy, low burning rate, and polymorphic transitions around room temperature limited the application of AN in solid rocket propellants. [1] [2] [3] [4] Many researchers have attempted to overcome these problems to develop a wide range of practical applications for ANbased propellants. It's known that transition metal oxides (TMO) were effective additives to increase the burning rate and ignitability of AN propellants. Many researchers have reported that TMO was successfully used in AN-based propellant thermal decomposition. [5] [6] [7] [8] [9] [10] [11] [12] [13] Graphene has attracted a great interest in both fundamental and applied areas. 14, 15 It has excellent properties, especially huge surface area. [16] [17] [18] In recent years, many papers have reported graphene or graphene oxide (GO) to catalyze AP, [19] [20] [21] [22] [23] [24] especially GO, which can easily absorb polar molecules to form different nanocomposites on carbon nanosheets. 25, 26 However, a few literature has reported graphene-or GO-supported nanocomposites to catalyze AN. Therefore, it attracted great interests in developing GO-supported nanocomposites to catalyze AN thermal decomposition.
Ferric oxide (Fe 2 O 3 ) and copper oxide (CuO) have been studied for excellent catalytic activity in solid propellants. [27] [28] [29] [30] [31] Copper iron oxide (CuFe 2 O 4 ) has also been reported in AP catalytic decomposition for its synergistic effect. [32] [33] [34] It has been reported that nano-CuO and Fe 2 O 3 can catalyze decomposition in AN-based propellants. 3, 7, 8, [11] [12] [13] However, no literature reported CuFe 2 O 4 composite oxides catalyzed AN thermal decomposition. For synergistic effect of composite oxides, thermal decomposition of AN can also be catalyzed by CuFe 2 O 4 composite oxides.
Since pure nanoparticles were likely to aggregate, the catalytic activity would be decreased notably. Therefore, a facile and reliable method was to anchor nanocomposites onto a supporter to prevent aggregation. Graphene/GO may be an ideal catalyst supporter. Based on this viewpoint, we expected that graphene/GO can dramatically improve the catalytic activity of nanoparticles as a catalyst supporter. Herein, we report a facile synthesis of CuO and CuFe 2 O 4 nanocomposites by an emulsion combustion method. Firstly, nanoparticles were characterized by powder X-ray diffraction (XRD), transmission electron microscope (TEM), and X-ray photoelectron spectra (XPS). The catalytic effect of CuO, CuO/GO, CuFe 2 O 4 , and CuFe 2 O 4 /GO nanocomposites on the thermal decomposition of AN was investigated by thermogravimetric differential scanning calorimetry (TG-DSC). Thermal decomposition kinetics of AN mixture were analyzed. The thermal decomposition mechanism was also analyzed by thermogravimetric mass spectrometry (TG-MS). The probable mechanism was also proposed. 60 C, and maintained. Then, it was mixed with a speed of approximately 200 r/min, and the hot oxidizer solution was slowly poured into the bowl. After pouring, the speed of mixing was accelerated (approximately to 1200 r/min) and continued for a few seconds to achieve the final refinement. 2. Calcination of emulsion in furnace: The emulsion sample was then calcined in furnace at a temperature above 600 C. 
Experimental sections

Materials
XRD, TEM, and XPS analyses
The powder XRD analysis of the samples was carried out with a Bruker D8 (Bruker, Germany) SuperSpeed apparatus operating with a copper (Cu) K a radiation. The morphologies of the samples were investigated by JEM-2100 TEM (JEOL, Japan). XPS recorded on a Thermo ESCALAB250 (Thermo Fisher Scientific, USA) X-ray photoelectron spectrometer, using aluminum K a (hu ¼ 1486.6 eV). The binding energies were calibrated using C1 s peak of contaminant carbon (BE5284.6 eV) as an internal standard.
Thermal decomposition of AN samples
Thermal decomposition experiments of AN samples were carried out under a nitrogen atmosphere with a NETZSCH STA449C (NETZSCH, Germany) instrument. In all experiments, 10 mg sample was loaded in a closed ceramic crucible with a pinhole in the cap and heated up from room temperature to 400 C. Nitrogen was used as a carrier gas with a flow rate of 20 mL/min. The heating rate was 2.5 K/ min, 5 K/min, 10 K/min, and 20 K/min.
TG-MS experiments
The TG-MS test was performed with NETZSCH STA449C system and MS (NETZSCHQMS403C, NETZSCH, Germany) system. NETZSCHQMS403C has the following conditions: ionizing electron energy of 70 eV, quartz capillary gas connector, and pressure injection 1000 mbar. Approximately 2 mg of sample was heated from 35 C to 400 C. The heating rate was 10 K/min, and the sample was carried in aluminum oxide crucibles. High-purity argon was used as purge gas with a gas flow rate of 20 mL/min.
Decomposition kinetic analysis
The kinetics of the AN thermal decomposition with and without additive can be determined using the Kissinger method, 36 which uses the peak temperature (T m ) at which the reaction rate is at a maximum as obtained from the DSC curves of samples decomposition in experiments with different heating rates. The equation was as follows
where b is the heating rate (K/min), T m is the temperature, A is the pre-exponential factor, R is the gas constant, and E a the is activation energy. The slope and intercept from the line plot of against 1/T m were used to obtain the activation energy and pre-exponential factor, respectively.
Results and discussion
Characteristic of nanocatalysts
The nanocatalysts were characterized by XRD, TEM, and XPS. The XRD results were listed in Figure 1 . after 170 C, thermal decomposition of AN was carried out. The other samples also have the same tendency. As can be seen from Figure 4 , it's shown that, compared with pure AN, decomposition temperature of AN mixture with 2% CuO and CuO/GO shifted to a low temperature notably. Aforementioned papers found that synergistic effect of CuFe 2 O 4 presented in catalyzed AP. [32] [33] [34] However, the present article found no synergistic effect of CuFe 2 O 4 . The reference found that Cu-based catalysts have been found to be highly active at relatively low temperatures (<350 C). But Fe-based catalysts were at high temperatures (>300 C). 37 For thermal decomposition temperature of AN about 300 C at the present experimental condition, the Cu activity was stronger than Fe. The XPS results showed that Fe 2 O 3 distributed on the surface of CuFe 2 O 4 sample was well proportioned. Therefore, we can explain the synergistic effect of CuFe 2 O 4 was not found in AN mixture thermal decomposition process.
When GO was added as a catalyst supporter, decomposition temperature of AN with CuO/GO shifted to a low temperature about 5 C. It means the catalytic activity of catalytic agent increased. However, to our surprise, the peak temperature of AN with CuFe 2 O 4 /GO shifted to a low temperature about 7 C. It must combine with activation energy to confirm catalysis results.
In order to analyze the catalysis of CuO, CuFe 2 O 4 , CuO/GO, or CuFe 2 O 4 /GO to AN thermal decomposition, the activation energy and initial decomposition temperature were listed in Table 1 . From Table 1 , the initial temperature and peak temperature significantly decreased when CuO/GO was added to AN, and also CuFe 2 O 4 /GO has excellent catalysis but catalytic activity was lower than CuO/GO. We also have found the activation energy required for the thermal decomposition of pure AN to be 162.7335 kJ/mol. Although the reported activation energy for pure AN decomposition varies from 86.2 kJ/mol to 206.9 kJ/mol, previous researchers in this area agreed that the overall decomposition reaction of AN was described by the first-order reaction kinetics. 39 The activation energy of AN mixture decreased notably, especially in 3#. In other words, the reaction kinetics process of AN with additives perhaps was changed. The reaction kinetics process was not first-order reaction kinetics. Hence, according to initial temperature, peak temperature, and activation energy, we can obtain that additives catalyzed AN thermal decomposition significantly, especially CuO/GO. The difference of CuO/ GO and CuFe 2 O 4 /GO was also observed. The activation energy of CuFe 2 O 4 with and without GO almost has no discrepancy. But CuO was very notable. The reason perhaps was that Fe 2 O 3 has little effect on AN thermal decomposition. 8 Hence, the effective content of catalytic activity materials of CuFe 2 O 4 /GO was fewer than CuO/GO. In other words, CuO/GO has more remarkable catalytic activity than CuFe 2 O 4 /GO to AN thermal decomposition.
In the experiment process, we also found the sample mass notably effected the AN thermal decomposition. The results were listed in Online Supplementary Figure S1 . Li et al. 38 also found the same results. Koga found that the activation energy of AN decomposition decreased slightly with increasing sample mass in the range of 5-15 mg using TG. 40 T i , and T p were valued at a heating rate of 10 K/min. T i was temperature at the 5% mass loss according to Li et al. 38 
Evolved gas analysis
In order to analyze the decomposition mechanism of AN with additives, samples were chosen to perform the evolved gas analysis. Real-time mass spectral analysis of the evolved gases was also performed. The DSC curves of samples were listed in Online Supplementary Figure S2 For dissociation reaction of AN presented even at low temperature, 42 the species (m/z ¼ 17) at low temperature appeared, and it was ascribed to NH 3 . From Online Supplementary Figures S3 to S6, the curve change showed the presence of NH 3 . Then, NH 3 can further undergo pyrolysis but needs high temperature. The HNO 3 (g) (m/z ¼ 63) was also detected, and it can demonstrate dissociation reaction of AN presented at very low temperature. The NH 3 was found at 130 C in isothermal experiments. 43 Liu 44 also detected species (m/z ¼ 15, 16, : NH, : NH 2 ) at low temperature (100 C). However, Liu thought it presented at very high temperature. 45, 46 During the reaction process, NO 2 (m/z ¼ 46) was also detected. The species (m/z ¼ 44) was N 2 O not CO 2 at present experimental condition.
Based on above analysis of the results from the present study, the thermal decomposition of AN with additives has been changed. And it needed to further analyze in the next paragraph.
Catalytic mechanism of the thermal decomposition of AN catalyzed by nanocomposites
Thermal decomposition of AN has been researched widely. [1] [2] [3] [4] Many researchers have been proposed thermal decomposition mechanism. Oxley proposed a widely accepted mechanism. Oxley 47, 48 showed that the decomposition mechanism of AN followed two pathways: an ionic reaction and a radical reaction. The ionic reaction occurred at low temperature and has relatively low speed. The radical reaction occurred at high temperature.
AN melted at 169 C and began to decompose as soon as it melted. Reaction (2) was generally accepted as the thermal decomposition initiating reaction, which was an endothermic proton transfer. However, Izato and Miyake found that the molten AN was first dissociated to NH 49 When the molten AN was heated from 470 K to 500 K, exothermic decomposition reaction (3) occurred. 50 Reaction (3) was more common and was the basis of commercial production of N 2 O.
However, since the activation energy of the homolysis of HNO 3 was very high at about 190 kJ/mol, it was the ratecontrolling step. Hence, at high temperature, the ionic mechanism of AN decomposition was overtaken by radical reactions, 51 with homolysis of HNO 3 being the rate-controlling step 3 as shown in reaction (4). The MS also detected NO 2 . The reference also found the energy barrier was lowest in different reaction pathways. 52 Then amidogen radical ( NH 2 : ) was reacted as showed in reactions (5) and (6) . But Cagnina et al. 53 thought NH : was formed as showed in reaction (7). It was further reacted as showed in reactions (8)- (10). Hence, we thought NO 2 : was easy to be formed at high temperature. When heated above 500 K, reaction (3) was the dominant decomposition pathway. On the basis of reaction (11), the following mechanism has been reported 3,47,54-56
Fe 2 O 3 has showed excellent catalysis in NH 3 -Selective Catalytic Reduction (SCR). It was widely accepted that it can interact with NH 3 . 57 The reaction was as follows (reaction (12))
CuO has also been found to have same reaction. When NH 3 was absorbed on the nanoparticle surface, the reaction carried out by the formation of CuO and NH 3 and amine (NH 2 ). 58 However, Vargeese and Muralidharan proposed new viewpoint. 59 There was no NH 2 formed during the reaction process. If NH 2 formed, the curve of ion current would change. The results of ion current curve of NH 2 were listed in Figure 5 . The discrepancy of different samples was little except CuO/GO. At about 190 C, the ion current notably changed, which means NH 2 formed. It can be oxidized easily by oxidizing gas. To our surprise, ion current curve of N 2 O was very strange. From Figure 6 , we can find that N 2 O formed at very low temperature of 3# at about 130 C. Chen et al. 60 thought N 2 O was formed when NH 3 reacted with NO x at less than 200 C. According to Andersen et al.'s 50 results, the NO 2 must be presented to form N 2 O. However, at present condition, NO 2 was very difficult to form below 200 C or little amount. Oxidizing gas was just only HNO 3 , it can also be found at very low temperature. 42 Another oxidizing species was NO À 3 according to Izato and Miyake. 49 That is to say, it presented a new thermal decomposition pathway. The possible mechanism of thermal decomposition was HNO 3 = NO À 3 -oxidized NH 2 directly. The reactivity of HNO 3 is stronger than NO À 3 . In this condition, HNO 3 perhaps played an important role. Wang et al. 43 and Xu et al. 61 also found HNO 3 can oxidize low-molecular-weight materials. According to these results, the reaction to form N 2 O was proposed as follows:
However, from Figure 6 , we also found that N 2 O was formed in two stages. When temperature was heated to more than 200 C, the NO x was detected. It means NH 2 can be oxidized by NO x . Hence, the two stages of N 2 O mean the mechanism of AN thermal decomposition was changed. The mechanism of AN thermal decomposition was proposed. At low temperature (<200 C), most likely mechanism was that NH 2 was oxidized by HNO 3 or NO À 3 to form N 2 O, especially HNO 3 . In the process, CuO played an important role. CuO absorbed NH 3 to form NH 2 . This process promoted AN disassociation reaction to form large amount of HNO 3 . As we all know, acid catalyzed AN thermal decomposition. 54 Hence, CuO can catalyze AN thermal decomposition notably, especially CuO/GO. The fundamental reason was that HNO 3 catalyzed AN thermal decomposition at low temperature.
Zhang et al. thought NO played an important role in the NO x and NH 3 catalytic reaction by CuO. 37 However, Figure 7 showed no change in the ion current of NO. Hence, in the present research, the mechanism of AN thermal decomposition might be different from the results of Zhang et al. 37 and Janssens et al. 59 
Conclusion
In summary, CuO/GO and CuFe 2 O 4 /GO nanocomposites were successfully obtained by a new emulsion combustion method and they showed an intensive catalytic effect on the thermal decomposition of AN. The catalytic agent was characterized by XRD, TEM, and XPS. The initial temperature, peak temperature, and activation energy were notably decreased when CuO/GO was added to AN. Fe 2 O 3 distributed on the surface of CuFe 2 O 4 , and Fe 2 O 3 has little effect on AN thermal decomposition. Therefore, the synergetic effect was not found when CuFe 2 O 4 /GO was added to AN. An important phenomenon was that N 2 O was formed at very low temperature around 140 C during the AN thermal decomposition process. We considered that it was formed by HNO 3 and NH 2 reaction at low temperature. The mechanism of thermal decomposition of AN with CuO/GO was proposed. The formed intermediate of NH 2 was found to be a very important factor to progress the catalytic reaction of AN decomposition.
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